HTML AESTRACT * LINKEES

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 75, NUMBER 12 DECEMBER 2004

Design and calibration of a cryogenic blackbody calibrator
at centimeter wavelengths

A. Kogut? and E. Wollack
NASA/Goddard Space Flight Center, Laboratory for Astronomy and Solar Physics,
Greenbelt, Maryland 20771

D. J. Fixsen, M. Limon, and P. Mirel
SSAIl Code 685, NASA/GSFC Laboratory for Astronomy and Solar Physics, Greenbelt, Maryland 20771

S. Levin and M. Seiffert
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive,
Pasadena, California 91109

P. M. Lubin
Department of Physics, University of California at Santa Barbara, Santa Barbara, California 93106

(Received 24 February 2004; accepted 7 September 2004; published 10 November 2004

We describe the design and calibration of an external cryogenic blackbody calibrator used for the
first two flights of the Absolute Radiometer for Cosmology, Astrophysics, and Diffuse Emission
(ARCADE) instrument. The calibrator consists of a microwave absorber weakly coupled to a
superfluid liquid helium bath. Half-wave corrugations viewed 30° off axis reduce the return loss
below —-35 dB within a compact footprint. Ruthenium oxide resistive thermometers embedded
within the absorber monitor the temperature across the face of the calibrator. The thermal calibration
transfers the calibration of a reference thermometer to the flight thermometers using the flight
thermometer readout system. The calibrator thermometry is stable in time over four years, with
statistical uncertainty in the temperature calibration of order 2 mK near 2.7 K, limited primarily by
thermal fluctuations in the liquid helium bath. Observations of the superfluid transition demonstrate
that the absolute temperature scale is accurate within 0.3 mRO@ American Institute of
Physics.[DOI: 10.1063/1.1821622

I. INTRODUCTION comparison. All radiometers view the same calibrator in turn,

eliminating cross-calibration uncertainties when comparing

'the sky temperature between different frequency channels.
The external calibrator is critical to the ARCADE ex-

The Absolute Radiometer for Cosmology, Astrophysics
and Diffuse EmissiofARCADE) is a balloon-borne instru-

ZrIgVCVZ\IIDeE backgrountc(CfMB) at genzmeter Wr_:lveledr?gtﬁsi all frequency channels, and establishes an absolute tempera-
uses a Set of narrow-band Cryogenic radlometery, o vafarence for comparison with other instruments. Assur-

to tco_mpa(;e ﬂ:e 3k¥ tc; an It.ext.terc?aliblgckb?dy cahlt))Ir atll?l;] garing the electromagnetic performance of the calibrator, though
geL, In order 1o detect or imit deviations rom a DIACkbody \qhyjyig) s straightforward. The ability to achieve AR-

spectrum. At centimeter wavelengths, raw sensitivity is NOl-ADE’s science goals can thus be traced to precision and
an important design criterion; the instrument is designed in-

tead to red liminat . f svst i accuracy with which the physical temperature distribution
stead 1o reduce or eliminate major Sources of systematiC Ulig,yin the calibrator can be monitored.
certainty. The instrument is fully cryogenic; all major com-

ponents are independently temperature controlled to remain

near 2.7 K, isothermal with the signal from deep space!l- CALIBRATOR DESIGN

Boiloff helium vapor, vented through the aperture plane,  The experimental design places multiple constraints on
forms a barrier between the instrument and the atmosphere @ife calibrator. It must maintain stable cryogenic temperatures
35 km altitude; there are no windows or warm optics to corwhjle |ocated at the mouth of an open liquid helium bucket
cated on the antenna aperture plane rotates to cover eaghy side lobes of antennas viewing the sky. The absorber
sky or a known blackbody. The cryogenic design minimizéemperature sensors can sample the temperature distribution
the effect of internal reflection or absorption: any residualacross the calibrator with sufficient precision to provide the
instrumental signals cancel to first order in the sky—calibratohecessary radiometric calibration.

Figure 1 shows the schematic design of the calibration
Iauthor to whom correspondence should be addressed: electronic maifarget. It consists of a microwave absorli&merson and
alan.j.kogut@nasa.gov Cuming Eccosorb CR-112, an iron-loaded epogsst with
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MU JACKET
LIQUID HELIUM DISH
L_ - R _ __) /THERMAL LINK FIG. 1. Schematic of ARCADE exter-
D o1 _To] B nal blackbody calibrator. The micro-
] /HEATER (ON SURFACE) wave absorbefEccosorb CR-11Ris
@ © I (<) ®) 1 weakly coupled to a superfluid liquid
THERMAL DIFFUSER PLATES helium reservoir through a series of
T copper/fiberglass buffer plates. The
ALTERNATE FIBERGLASS AND COPPER absorber is 21 cm across, with corru-
gated front surface to reduce reflected
OUTER HOUSING power.
\INNER HOUSING
ABSORBER

grooves in the front surface to reduce surface reflections. Tmcidence® In the limit of a monochromatic incident plane
increase viscosity and reduce settling of the iron powder durwave, the spacing of the corrugations can be chosen so that
ing the curing process, we added 0.5% cabosil powder byeflections from one corrugation are exactly out of phase
mass to the Eccosorb prior to casting. Cabosil, a fused silicaith the neighboring corrugations, cancelling tma=0
powder, has absorption coefficient much less than the ur'specular” reflection from the calibrator for all odd multiples
loaded Eccosorb. Similar cabosil loadings of an Eccosorlof the incident wavelength. Although the electric field at the
absorber have been used in calibrators at higher frequenciesntenna aperture is not a plane wave, the analysis provides
its presence in small quantities does not otherwise affect theome guidance to minimize reflections within a compact ge-
absorption or reflection properties of the EccosothAb- ometry. Yokimorf has examined the effect of changing the
sorber samples prepared at GSFC, including the cabosiitch/height ratio for corrugated dielectric surfaces and finds
filler, have complex permittivitye/ =3.9 andel'=0.5, for a  minimal reflection for corrugation height 1-2 times the pitch.
loss tangent tad=0.13 measured at 30 GHz. The EccosorbThe ARCADE calibrator uses corrugations 3 cm deep spaced
is mounted on a set of two thermally conductive oxygen-freel.5 cm apart, minimizing reflections from the Eccosorb sur-
copper plates separated by fiberglass thermal insulators, eafdte in both the 10 and 30 GHz channels. An additional
1.6 mm in thickness. Thermal control is achieved by heatindl.3 cm of absorber between the bottom of the corrugations
the outermost copper plate, which is in weak thermal contacand the copper mounting structure provides additional ab-
with a superfluid helium reservoir. Radial thermal gradientssorption to reduce reflections from the metal backing.
at each stage are reduced by the ratio of the thermal conduc-
tance of the buffer plfltes. Atv’\’/o-stage design is gufﬂment tq“_ MICROWAVE PERFORMANCE
reduce the thermal “footprint” of the heater resistors well
below 1 mK at the Eccosorb/copper interface. Calibration by an external target corrects reflection and
The calibrator is located at the mouth of an open buckeattenuation within the instrument to first order, with the no-
Dewar and must maintain temperatures near 2.7 K despit@ble exception of the external calibrator reflectivity. Reflec-
heating from the thermal control loop, infrared emissiontions from the calibrator create a systematic offset in the
from the atmosphere, and residual condensation of atmaky—calibrator comparison proportional to the calibrator’s
spheric nitrogen. A stainless steel shell protects the calibratggower reflection coefficient and the temperature difference
sides and top, with a 20-layer reflective blanket providingbetween the calibrator and the sky. During flight, the calibra-
additional isolation from the environment. Fountain-effecttor will be commanded to different temperatures that could
pumps transport superfluid liquid helium from the mainvary from the sky temperature by as much as several K.
Dewar to a separate reservoir inside the calibrator, providing\chieving 1 mK or better accuracy for the sky temperature
the necessary cooling without requiring moving parts.thus requires calibrator power reflection below —30 dB.
Boiloff gas from the calibrator reservoir vents through holes  Figure 2 shows the power reflection coefficient mea-
in the top cover plate. sured for both ARCADE frequency bands using gated time-
Eccosorb CR-112 has a high index of refraction=4), of-flight techniques at room temperature with the antenna
producing a power reflection coefficieRt>0.25 at normal viewing the calibrator in flight configuratio(80° from nor-
incidence for frequencies below 30 GAZAt millimeter — mal incidencg The maximum in-band reflection is —43 dB
wavelengths, blackbody calibrators typically minimize re-at 10 GHz, with gain-weighted average —49 dB across the
flections using deep conical designs to ensure multipldand. At 30 GHz the maximum reflection is —28 dB, with
reflections®* At longer wavelengths, this becomes impracti- gain-weighted average —35 dB. The results do not depend
cal due to size constraints. The front Eccosorb surface is castgnificantly on the orientation of the absorber corrugations
instead into corrugated grooves. The ARCADE antennaso the antenna. Measurements of the antenna/calibrator cou-
view the calibrator at an angle#=30° from normal pling using a vector network analyzer provide similar limits
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FIG. 2. Power reflection coefficient
measured using ARCADE calibrator
and antennas in the flight off-axis con-
figuration. The gray band shows the
passband at each frequency range. The
gain-averaged in-band reflection is be-
low —35 dB in each band.
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R<-35 dB at 30 GHz. As the absorber cools, the epoxyeach other at the center of the calibrator to provide an esti-
filler shrinks and the conductivity of the iron will increase, mate of vertical gradients within the absorber. After fabrica-
increasing the reflectivity and decreasing the absorptiortion, the entire calibrator, including the embedded thermom-
Measurements suggest an increase in power reflection @fters, was cycled ten times between 300 and 77 K to relieve
30%—-60% at cryogenic temperatu?eBoth bands still easily thermal stress. A sixth thermometer embedded within the ab-
meet the —30 dB requirement. sorber failed to open during this initial thermal cycling. The
The cryogenic absorber within the calibrator is backedcalibrator has since been cooled repeatedly below 2 K with
by a reflective copper plate and completely covers the anno adverse mechanical or electrical effects.
tenna aperture without windows, infrared blocking filters, or ~ We calibrate the thermometeirs situ by immersing the
other emissive elements between the absorber and themtire calibrator in a liquid helium bath and monitoring the
antennd. The calibrator emissivity is thus determined by theresistance of each thermometer while slowly lowering the
measured reflection coefficient without correction from addi-pressure above the bath. A NIST-traceable reference ther-
tional elements in the beam. Leakage around the target imometer records the bath temperature using the same read-
small. To allow mechanical movement, the calibrator is held
5 mm above the antenna aperture. Radiation leaking throug*
the resulting gap is measured to be less than =50 dB. Th,, ..\ s view axss _ - {2,5
measured reflection coefficients thus translate to gain ~_ (] D
weighted emissivity 0.99999 at 10 GHz and 0.9997 ai ] 3
30 GHz. i
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IV. THERMOMETRY A N, J/
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We monitor the calibrator temperature using ruthenium N
oxide resistance thermometers, chosen for their small sizt
stability, and large resistance change at cryogenic temperi ) .
tures. The thermometers consist of commercially available \/\ il TG L MY EMENT
thick-film chip resistorgDale Electronic RCWP-550with
76 um manganin leads providing four-wire resistance mea ! 3 ase 8
surements. The resistance at room temperature i<10i&- \ \ / /

ing to 25 K2 with slope dT/dR=-0.158 mKA) at 2.7 K. ‘
Five thermometers embedded within the microwave absorbe
monitor the temperature distribution, while an additional two

thermometers mounted next to the heater on the outermo
copper plate provide feedback for thermal control. Figure :
shows the location of the thermometers in the calibrator
Three thermometerdabeled T1, T2, and Tj3are embedded

near the tips of the Eccosorb corrugations, with two othel
thermometergT4 and T3 located in the absorber midway

between the bottom of the corrugations and the copper
mounting plate. Thermometers T2 and T5 are located atop FIG. 3. Location of thermometers within the calibrator.
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ANTENNA'S
VIEW IS 30°
FROM NORMA|

10 GHz ANTENNA

Downloaded 14 Feb 2006 to 128.183.170.217. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



5082 Rev. Sci. Instrum., Vol. 75, No. 12, December 2004 Kogut et al.

out as the calibrator thermometers. Calibrations four years
apart using two different readout systems agree within the
statistical uncertaintie6~0.3 mK). The initial calibration in
1998 used a A excitation current sinusoidally modulated
at frequency 1 Hz. A lockin circuit demodulates the voltage
drop across each thermometer and integrates for 5.6 s to o  F
yield the thermometer resistance. The 1998 calibration se- g 2
quentially measured the five embedded thermometers plus o
the reference bath thermometer. Each thermometer was thusg £
sampled once every 33.4 s as the bath temperature fell from .8 1F
4.2 to 1.4 K over the course of 10 h. To prevent bath strati- E
fication from producing systematic thermal gradients in the
Dewar, we use only data taken when the bath temperature
was falling fast enough to ensure vigorous boiling. We as-
sume that the bath and calibrator are isothermal and interpo- ©
late the measured bath temperature to the time recorded erG. 4. Statistical uncertainty in the derived temperature calibration based
each calibrator resistance measurement. on scatter from eight calibration runs in 1998 and 2002. The uncertainty at
We calibrated the thermometers a second time in 200Zmperatures above the superfluid transition is dominated by thermal gradi-
using the flight thermometer readout systéfihe 2002 cali- &Mt In the bath.
bration differed from the 1998 calibration in several impor-

tant aspects. The 2002 calibration used a faster square-waygnge then converting these to the equivalent temperature
modulation at 75 Hz, applying LA excitation current 10 qing the resistance-temperature calibration curves from each
each thermometer for only 26.7 ms and multiplexing 10 the eight separate calibration runs. The resulting scatter in
sample each thermometer once every 1.067 s. The synchrge computed temperatures at each resistance shows the
nously demodulated voltage across the thermometer is th%?greement from run to run. Figure 4 shows the 68% confi-
of order 25 mV, providing detectiorg} and digitization with gence uncertainty in the mean for thermometer T1 as a func-
measurement uncertainty of ordetl” A set of four refer- i of path temperature. Below the superfluid transition all
ence resistors monitored any drifts in the readout. Sinceé Wegjibrations agree within 0.3 mK, consistent with the noise
used the the same system for ground calibration as flighyf the thermometer readofiAbove the transition tempera-
effects such as self-heating or the shunt impedance fromyre the uncertainty increases linearly with the bath tempera-

stray capacitance in the leads are automatically account§flye This excess noise is not observed at colder tempera-
for. The 2002 calibration also included the two control ther'tures, suggesting an origin from thermal fluctuations within

mometers mounted on the copper heater plate. the liquid helium bath itself,

We obtained three calibration runs in 1998 and five more  \ne use the mean of the eight individual calibration runs
in 2002. Direct comparison between years requires a cormegs produce a single resistance—temperature calibration for
tion for self-heating. Although self-heating in the 2002 cali- o3¢ thermometer. Observations of the superfluid helium
bration is the same as in flight, it is not the same as the 1998,sjtion at temperature 2.1768 K provide an independent
calibration which applied power to each thermometer for &heck on the absolute calibration. We record the resistance of
much longer duration. Additional tests in 1998 were de-gach thermometer during each run as the pressure above the
signed to measure the change in thermometer temperature ggih sjowly falls. The superfluid transition produces a dis-
the excitation current varied from 1 to ¥0A at a series of  (inciive kink in the time-ordered data as the thermal proper-
bath temperatures ranging from 1.6 to 4.2 K. The resultingjes of the bath abruptly change. Figure 5 shows all observa-
self-heating is well described by tions of the superfluid transition for thermometer T1 from the

| \2/ T \-22 1998 and 2002 calibration runs. The calibrated temperatures

AT= ATo(ﬁ) (R) : (1) correctly reproduce the known transition temperature.

#e Additional data in 2003 provide thermometer calibration
where ATy~ 27 mK (varying slightly among the thermom- at temperatures from 4.2 to 20 K. This higher temperature
eterg and the fitted power law in temperature includes thecalibration placed the calibrator inside a copper cryostat
dependence of both the thermometer resistance and the thenounted within a liquid helium bucket Dewar. We used the
mal conductance of the absorber. We correct the 1998 dafight thermometer readout system to measure the resistance
for self-heating but do not explicitly correct the 2002 daie  of each flight thermometer as the liquid level in the dewar
flight datg since the effect is included in both the ground andfell below the calibrator enclosure. The absorber temperature
flight readout. rose from 4.2 to 20 K over a period of 20 h, much longer

We interpolate the measured resistance data to generatdtan the few second time constant of the calibrator, ensuring
resistance to temperature calibration for each thermometerear isothermality across the absorber. Data taken with the
over the temperature range 1.4—4.2 K. The calibrations deabsorber immersed in liquid helium agreed with previous
rived from each of the eight individual runs are in good measurements from the 1998 and 2002 calibrations.
agreement with each other. We quantify this by generating a If the calibrator was isothermal, its only contribution to
set of “standard” resistance values spanning the observetie uncertainty in the CMB temperature would be the abso-
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FIG. 5. Resistance and calibrated temperatures for calibrator thermometer
T1 from all calibration runs, as the bath temperature passes through th%
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weighted by the electric field distribution at the antenna ap-
erture. Provided that the spatial scale for gradients is compa-
rable to or larger than interthermometer separation, the inte-
gral may be approximated as a linear combination of the
temperatures measured by the five embedded thermometers.
We may test for gradients on smaller length scélesalized

hot or cold spots that would not be adequately sampled by
the thermometejsby using data from the 2003 fliglzltWe
compute the radiometric temperature of the target using a
best-fit linear combination of either three, four, or all five
thermometers. Unsampled hot or cold spots must contribute
to the radiometric temperature, but would not be included in
the linear combination. The scatter in the resulting CMB
temperature as successive thermometers are dropped from
the fit thus serves as an estimate of residual uncertainties
from unsampled gradients. Details are provided in a compan-
ion pape|7. We find that the measured CMB temperature is
stable as successive thermometer are dropped from the fit,
demonstrating that the five embedded thermometers provide
adequate spatial sampling of thermal gradients within the
calibrator.

ACKNOWLEDGMENTS

The authors thank M. DiPirro and D. McHugh of
e Cryogenic Fluids Branch at GSFC for supporting the
ARCADE thermal calibration. This material is based on

temperatures: the calibrated temperature for each run correctly reproducggork supported by the National Aeronautics and Space

the transition alf=2.1768 K.

Administration under Space Astrophysics and Research
Analysis program of the Office of Space Science.

lute calibration uncertainty of the embedded thermometers.
Spatial gradients within the Eccosorb will alter the relation *A. Kogut, E. Wollack, D. Fixsen, M. Limon, P. Mirel, S. Levin,
between the physical temperature measured at the thermomM. Seiffert, and P. Lubin, Astrophys. J., Suppl. S&b4, 493 (2004).

eters and the microwave power measured by the radiometer.

H. Hemmati, J. Mather, and W. Eichhorn, Rev. Sci. Instrugd, 4489
(1985.

We ?mbed five thgrmometers Within the micrqwa\/e abS.OI‘bEBJI Mather, D. Fixsen, R. Shafer, C. Mosier, and D. Wilkinson, Astrophys.
at widely spaced intervals and at different heights relative to J. 512 511(1999.
the absorber tips, allowing direct measurement of both radiaEH- Gush, M. Halpern, and E. Wishnow, Phys. Rev. L&, 537(1990.

and back-to-front vertical gradients within the absori#ég.

K. Yokimori, Appl. Opt. 23, 2303(1984).
°D. Fixsen, P. Mirel, A. Kogut, and M. Seiffert, Rev. Sci. Instrum3,

3). The power received by the radiometer is the volume in- 3g59(2002.
tegral of the temperature distribution within the absorber,”D. J. Fixsenret al, Astrophys. J.611, 86 (2004

Downloaded 14 Feb 2006 to 128.183.170.217. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



